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Abstract. Several meteorological datasets, including UK Met Office (MetO),
ECMWEF (European Centre for Medium-Range Weather Forecasts), NCEP (Na-
tional Centers for Environmental Prediction), and NASAs GEOS-4 (Goddard
Earth Observation System) analyses, are being used in studies of the 2002 southern
hemisphere (SH) stratospheric winter and Antarctic major warming. We compare
diagnostics to assess how these studies may be affected by the meteorological data
used. While the overall structure and evolution of temperatures, winds, and wave
diagnostics in the different analyses provide a consistent picture of the large-scale
dynamics of the SH 2002 winter, several significant differences may affect detailed
studies. The NCEP/NCAR Reanalysis (REAN) and NCEP/DOE Reanalysis-2
(REAN-2) datasets are not recommended for detailed studies, especially those
related to polar processing, because of lower-stratospheric temperature biases that
result in underestimates of polar processing potential, and because their winds and
wave diagnostics show increasing differences from other analyses betv@gen

and 10 hPa (their top level). SH polar stratospheric temperatures in ECMWF’s
ERA-40 reanalysis show unrealistic vertical structure, so this long-term reanalysis
is also unsuited for quantitative studies. The NCEP/CPC (Climate Prediction Cen-
ter) objective analyses give an inferior representation of the upper-stratospheric
vortex. Polar vortex transport barriers are similar in all analyses, but there is large
variation in the amount, patterns, and timing of mixing, even among the opera-
tional assimilated datasets (ECMWF, MetO and GEOS-4). The higher-resolution
GEOS-4 and ECMWEF assimilations provide significantly better representation of
filamentation and small-scale structure than the other analyses, even when fields
gridded at reduced resolution are studied. The choice of which analysis to use is
most critical for detailed transport studies (including polar process modeling) and
studies involving synoptic evolution in the upper stratosphere. The operational
assimilated datasets are better suited for most applications than the NCEP/CPC
objective analyses and the reanalysis datasets (REAN/REAN-2 and ERA-40).



1. Introduction in the 2002 winter might thus result in more signficant dif-

) ) ) ) ferences between meteorological analyses than are typical in
The first major stratospheric sudden warming observedpe gH.

in the southern hemisphere (SH) occurred in late September
2002 [e.g., Allen et al., 20031. Atmos. Scj.Special Issue,
\ol. ##, No. ##, hereinaftefAg. The stratospheric circula-

We compare here the most commonly used meteorolog-
ical datasets during the 2002 SH winter, focusing on diag-

. . ) . nostics that are representative of calculations done in several
tion throughout that winter was much more dynamically dis-

turbed than i ther SH winter si th tablish ?/pes of scientific studies, including those of large scale dy-
urbed than in any other Sk winter since the establiShmeng, ;o ang wave propagation, synoptic evolution, transport
of comprehensive upper air observations in 1979 [e.g., Alle

IAbarriers, mixing and filamentation, and polar processing. By

et al., tﬁOOZS();OIRZ’osF:?e eht al.t,) 2005]. d Bec?use Otf 'ts utp]'que%hoosing diagnostics related to those used in scientific stud-
ness, the sUD= winter has been and continues 1o e e Sty e hope to elucidate some areas of uncertainty resulting
ject of intensive study, including examination of transport,

i . . "from differences in the analyses, and provide some guidance
ozone chemistry, the dynamics of and mechanisms leadin

. . .  1€adINGs 15 the appropriateness of various datasets for particular
to the major warming, and the unusual dynamical S|tuat|or}ypeS of studies

throughout the winter.

Nearly all of these studies rely on meteorological analy-2
ses (temperatures, geopotential height and wind data) from

one or more operational or reanalysis assimilation system. The meteorological datasets we have examined are sum-
Manney et al. [2003] showed for the northern hemispheranarized in Table 1. Several of these datasets are described
(NH) winter lower stratosphere that significant differencesby Manney et al. [2003] and Randel et al. [2004], but there
in the results of polar processing studies were expected derave been some changes since then: The NCEP/CPC anal-
pending on the dataset used, and that the differences betwegges now use data from GDAS (Global Data Assimilation
datasets depended on the particular meteorological cond'gystem, NCEP’s operational assimilation system) interpo-
tions. While several studies have examined differences quted to the 6% 65 polar Stereographic g”d used for the up_
tween meteorological datasets in the Arctic [see referenceger stratospheric objective analyses at all levels up to 10 hPa;
in Manney et al., 2003], few comparisons have focused omowever, only geopotential heights and temperatures are
the SH winter. Interhemispheric differences in agreemenpyrovided, so the winds at all levels are still calculated us-
among the analyses might be expected: While the satellitmg a “balance-wind” formulation [Randel, 1987; Newman
data inputs to the analyses are global, the ground-based dag@ a|., 1989; Manney et al., 1996]. The 2002 MetO analyses
available are much sparser in the SH, thus the analyses agge from a three-dimensional variational (3D-Var) system
not as well constrained by data. On the other hand, the typthat assimilates satellite radiances [e.g., Lorenc et al., 2000;
ically cold, quiescent conditions of the SH winter are inher-syinbank et al., 2002]. ECMWF, GMAO, and GDAS sys-
ently more predictable than those in the NH winter, and thugems also assimilate satellite radiances rather than retrieved
require fewer observations to adequately constrain the a”a|¥emperatures. The resolution of the operational ECMWF
sis systems. The unusual and pronounced dynamical activitynalyses for the 2002 SH winter is T511, in contrast to T319
_ for earlier studies. The ECMWEF-R reruns listed in Table 1

1 Jet Propulsion Laboratory, California Institute of Technology, Pasa- 5re from a version that became operational in January 2003;

dena, California, USA.
2 Also at Department of Natural Sciences, New Mexico Highlands Uni- results from these closely resemble those from ECMWF for

. Data and Analysis

versity, Las Vegas, New Mexico, USA. all of the diagnostics shown here. NASA's Global Modeling
3 Remote Sensing Division, Naval Research Laboratory, Washingtonand Assimilation Office (GMAQ) system, GEOS-4.0.2, be-
DC, USA. came operational in October 2002, and the 2002 winter was

4 Institut fiir Meteorologie, Freie Universit Berlin, Germany.

4 Now at Alfred Wegener Institute for Polar and Marine Research, Pots-reprocessed with that system, then again with the final ver-

dam, Germany. sion, GEOS-4.0.3 (referred to hereinafter as GEOS-4). The
€ School of Education and Department of Mathematical Sciences, Newdiagnostics discussed here were initially done using GEOS-

Mexico Highlands University, Las Vegas, New Mexico, USA. ;
’ NASA/gGoddard Space élight Cegter, Greenbelt, MD. 4.0.2 (GE.OS_4P) and were compared with .GEOS_4'O'2 ona
8 Goddard Earth Science and Technology Center, UMBC, Baltimore,Coarser grid (GEOS-4L) to examine resolution effects.

Mlg _ REAN-2 uses the same underlying assimilation model as
et Office, Exeter, Devon, UK. . o REAN, but with several corrections, as described by Kana-

Laboratory for Atmospheric and Space Physics, University of Col- . . L

orado, Boulder, CO, USA. mitsu et al. [2002]. It still has many of the same limita-
11 Eyropean Centre for Medium-Range Weather Forecasts, Reading, UKions, including low-resolution, older forecast model, assim-
12 NOAA Climate Prediction Center, Camp Springs, MD. ilation of retrieved temperatures rather than radiances, 3D-



Manney et al.: SH 2002 Meteorological Data Intercomparisons 3

Var rather than 4D-Var assimilation, poor vertical resolu- parisons of day-to-day evolution during one particular win-
tion in the stratosphere, and a top analysis level at 10 hPder. An overview of the structure and evolution of tempera-
Results for REAN and REAN-2 data are much more sim-tures, winds and wave diagnostics gives us a first-order pic-
ilar to each other than either one is to the other analysegdure of fundamental areas of agreement or disagreement be-
ECMWF's ERA-40 reanalysis data were produced throughtween the analyses.

August 2002; they have been used for a humber of anal-

yses in the SH stratosphere, including assessing whethé&:1. Temperatures

events comparable to the 2002 major warming may have oc-

curred previously in the SH [e.g., Simmons et al., 2005]. In Radiosonde temperatures are commonly used in valida-

: . . tion studies and forecast verification. Simmons et al. [2005]
August 2002, but not in the previous months of that win-
: . : showed good agreement between temperature changes re-
ter, AMSU (Advanced Microwave Sounding Unit) measure- o . :
lated to vortex evolution in radiosonde observations and

ments from NOAA-16 were used in the assimilation; as will 3
be seen below, this had a detrimental effect on these stratoE-C.MWF analyses a_nd forgcasts. Though radiosonde obser-
spheric temperature analyses. vatpn_s are used as mp_uts in (_each of the analyses, none of the
) ) _assimilation systems gives high weight to the SH radioson-
While several of the datasets are available four-timegjeg; thys, these comparisons provide significant information
daily, for consistency the diagnostics shown here are caly, how well the analyses capture the detailed local tempera-
culated using 12 UT data from each product. The examiy,re evolution. Figure 1 shows temperatures at 20 and 50 hPa
nation of higher and lower resolution versions of ECMWF .o ohservations at three representative radiosonde sta-
and GEOS-4 products provides some insight into resolutionjons in the Antarctic during August through October 2002,
effects. along with temperature differences between these and the
Potential vorticity (PV) is calculated from each datasetmeteorological analyses interpolated (bilinearly in latitude
using the same algorithm [Newman et al., 1989; Manneyand longitude, linearly in log(p) in the vertical, linearly in
et al.,, 1996], adapted to run at higher resolution for thetime) to those locations. (REAN and ECMWF-R datasets,
GEOS-4P, GEOS-4 and ECMWF-R data. GEOS-4 ancthot shown, give nearly identical results to REAN-2 and
ECMWEF also have available PV calculated internally in the ECMWEF, respectively.) The major warming can be read-
assimilation system; comparisons indicate that most of thely identified in the Amundsen-Scott and Neumayer temper-
differences noted here result from underlying differences imatures as a sudden increase beginning around 20 Septem-
the analyses (and, in the case of ECMWF, from the reduce@ler (day 50); an earlier strong minor warming is apparent at
resolution of the fields used for the offline calculations), Neumayer around 8 September (day 38), and minor warm-
rather than differences in the PV calculation. Several diagings in August are seen at Syowa. At 50 hPa, all of the anal-
nostics shown are based on trajectory calculations, which argses follow the radiosondes closely, with differences typi-
done isentropically using the trajectory code described byally less than 3 K; however, the REAN-2 analysis underesti-
Manney et al. [1994b]. Eliassen-Palm (EP) fluxes are calcumates the peak of the major warmings% K at Amundsen-
lated as described by Sabutis [1997], after the datasets are igcott. At 20 hPa, MetO, NCEP/CPC and REAN-2 tempera-
terpolated to a common horizontal and vertical grid. When a&ures show an abrupt decrease with respect to the Amundsen-
common vertical grid is needed, the datasets are interpolategcott radiosonde during the sharp temperature rise, suggest-
linearly in log(p) to the Upper Atmosphere Research Sateling a mismatch in the timing of that rise. REAN-2 and
lite (UARS) pressure levels on which the MetO data are proNCEP/CPC 20-hPa temperatures are higher than those in
vided, comprising six levels per decade in pressure, equallyadiosondes and the other analyses during the cold periods
spaced in log(p). Radiosonde data compared to the analys@$ August and early September, and lower than radioson-
here were made available by the Global Telecommunicatiogles at Amundsen-Scott and Neumayer in the warm condi-
System of the World Meteorological Organization (WMO), tions following the major warming, typically by 3-7 K; at the
as described by Kiger et al. [2005]; radiosonde temperature peak of the warming at Neumayer, REAN-2 and NCEP/CPC
observations at the South Pole are augmented by observeemperatures are bot20 K below the radiosonde. Dif-

tions from the South Pole Ozonesonde Program. ferences between REAN-2 and the other datasets that may
account for this behavior include the lower model resolu-
3. Overview of Large Scale Evolution tion and fewer levels in the stratosphere, and the assimila-

tion of retrieved temperatures rather than radiances. In the

Randel et al. [2004] compared climatological aspects ofNCEP/CPC analyses, the interpolation to the<65 polar
middle atmosphere zonal mean temperatures and winds frogtereographic grid (which substantially degrades the resolu-
several analyses. Here we are primarily interested in comtion at high latitudes) may result in the lower peak tempera-
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Table 1. Characteristics of meteorological analyses used in the intercomparisons, from the European Centre for Medium-
Range Weather Forecasts operational forecasts (ECMWF), ECMWF's “40-year” reanalyses (ERA-40), special ECMWF
runs (ECMWEF-R); NASA's Global Modeling and Assimilation Office’s Goddard Earth Observing System (GEOS)-4 Ver-
sion 4.03 (GEOS-4), GEOS-4 Version 4.02 (GEOS-4P), GEOS-4 Version 4.02, reduced resolution (GEOS-4L); the Na-
tional Centers for Environmental Prediction (NCEP)/Climate Prediction Center (NCEP/CPC); the UK Met Office (MetO);
the NCEP/National Center for Atmospheric Research Reanalysis (REAN), and the NCEP/Department of Energy (DOE)
Reanalysis-2 (REAN-2). “4D-Var” and “3D-Var” refer to 4-dimensional and 3-dimensional variational assimilation methods,
respectively. Knumber- refers to the triangular wavenumber truncation of a spectral model. Grids are given as latitude
longitude. PSAS is Physical Space Statistical Analysis Scheme. Levels are given as number, top pressure level. The primary
product used from each center is given in boldface.

Product Analysis Analysis Output Model Output Output Reference(s)
Method Grid Grid Levels Levels Times (UT)

ECMWF 4D-Var T511 €440 km) 2.5¢2.% 60, 0.1 hPa 20,1 hPa 0,6,12,18 Simmons et al. [2005]
ERA-40 3D-Var  T159 4125 km) 2525 60, 0.1 hPa 23, 1 hPa 0,6,12,18 Simmons et al. [2005]
ECMWF-R  4D-Var T511¢40km) 1.251.25 60,0.1hPa 23, 1 hPa 0,6,12,18 Simmons et al. [2005]

GEOS-4 PSAS 1.x1.2% 1.0x1.25 55,0.01 hPa 55,0.01 hPa 0,6,12,18 Lin [2004],
(6-hr avg) Li et al. [2004]
GEOS-4P PSAS 101.25 1.0x1.25 55,0.01hPa 36,0.2hPa 0,6,12,18
GEOS-4L PSAS 1R1.2% 2.0x2.5° 55,0.01 hPa  36,0.2 hPa 12
MetO 3D-Var 2.5¢3.7% 2.5x3.7% 40,0.1 hPa  22,0.32 hPa 12 Swinbank et al. [2002]
NCEP/CPC  3D-Var T254 80 km) 2.5¢5.¢ 64, 0.2 hPa 14, 10 hPa 12
Obj. An. 65x65PS 5-0.4 hPa 4, 0.4 hPa Finger et al. [1993]

Gelman et al. [1994]
REAN 3D-Var T62 300 km) 2.5¢2.5° 28,3 hPa 17,10 hPa 12 (24-hr avg) Kalnay et al. [1996],
Kistler et al. [2001]
REAN-2 3D-Var T62 (~300 km) 2525 28,3 hPa 17,10 hPa 12 (24-hravg) Kanamitsu et al. [2002]
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Figure 1. Time Series from 1 August through 31 October 2002 of radiosonde observations (upper panels, black lines)
at 20 and 50 hPa, and differences from analyses interpolated to radiosonde locations and times; differences are analysis -
radiosonde, so negative values indicate that the analysis is colder than the radiosonde. Black dots indicate the times with
radiosonde observations; cyan squares show temperature measurements from the South Pole Ozonesonde Program.
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tures. At 10 hPa (not shown), the MetO analyses overshoatry from the major warming show good agreement among
the maximum temperatures seen in the radiosonde data duhe analyses. Larger differences are seen abavehPa,
ing minor warmings in August and early September. where MetO, NCEP/CPC, and GEOS-4 are all substantially
Similar differences between analyses are apparent fofigher (2-8 K) than ECMWEF, though these analyses gener-
fixed points removed from radiosonde stations (not shown)ally (excepting MetO in July) come back into better agree-
with weaker extrema above 50 hPa in REAN-2 and NCEP/CP®ENt near 1 hPa. Larger differences in the upper strato-
than in the other analyses, and higher maxima in MetO analsphere are expected, since TOVS (TIROS Operational Ver-
yses at 10 hPa. Figure 2 shows minimum and maximuniical Sounder) satellite soundings (used in all the analyses)
temperatures poleward of 28 at 50, 30 and 10 hPa during Stop at 1-2 hPa, and provide only about three pieces of in-
the SH 2002 winter for operational ECMWF data, and theformation for a layer over 20 km thick [e.g., Li et al., 2004];
differences between ECMWF and the other analyses, includthus the analyses are more sensitive to underlying model dif-
ing ERA-40. Although the maxima are often near the equaferences at higher altitudes.
torward edge of the domain (28) in earlier months, after ) ) _
early August they are always at high latitudes (poleward of3-2- Winds and Wave Diagnostics

~55°S). Both minimum and maximum temperatures agree  igh.-jatitude zonal mean winds from all analyses agree
well at 50 hPa, with differences typically less than 3 K; thevery well below 10 hPa; Manney et al. [2005] show the
exceptions are very low ERA-40 minimum temperatures inqg hpa wind reversal on 25 September and return to west-
August, and an underestimate of several maximain REAN-Zjies on 30 September in MetO, NCEP/CPC, ECMWF
gfter mid-August, when dynamical activity increased. Max- gnd GEOS-4 analyses, indicating that zonal mean winds
imum temperatures generally agree at 30 hPa, but REAN-2ica)ly agree within 1-3 m/s during September—October.

_shows larger underestimates of the maxima. SQ hPa MiNgjowever, as shown in Figure 4, REAN-2 gives weaker west-
imun ERA-40 and REAN-2 temperatures are higher thangjies prior to, and weaker easterlies neatS@uring, the

those in the other analyses by 3-8 K. A larger spread amongaior warming by up to~6-10 m/s at 10 hPa. ERA-40
the analyses is seen at 10 hPa, commonly as muefl@X,  ;4na) mean winds are consistent with those in other anal-
with REAN-2 and NCEP/CPC showing lower maximum yqes (Figure 4 shows differences typically less than 3 m/s
temperatures; ECMWF, MetO, and NCEP/CPC minimumgq , of 50S) despite the unrealistic temperature structure
temperatures are similar, with REAN-2 and ERA-40 h'gh_er(section 34)) because the temperature anomaly is oscilla-
and GEOS-4 lower by 3-10 K. Note that ERA-40 mini- 14y (50 the wind shear related to it integrates to near zero in
mum temperatures are biased high at 10 and 30 hPa frofe ertical) and of broad horizontal scale (so the meridional
May through August, but slightly low at 50 hPa; the shift (o mperature derivative related to it is small). Larger differ-
from low to h!gh bias is indicative of the vertically oscil- opces are apparent in upper stratospheric winds (not shown),
latory Antarctic tem_perature structure reported by Randelq may be expected from weaker data constraints in the as-
et al. [2004] and Simmons et al. [2005]. Also, as notedgjmilation systems in this region [e.g., Li et al., 2004]. Gray

above, differing inputs into ERA-40 in August 2002 resulted ¢ 4. [2003] discuss some differences, largest in the upper
in further degradation of the stratospheric temperature Str“%tratosphere between MetO, ECMWF, and ERA-40 equato-
ture, as seen in very low minimum ERA-40 temperaturesg| winds; GEOS-4 equatorial winds are more similar to the
at 10 hPa and 50 hPa, and high minimum temperatures &cMwE and ERA-40 products shown by Gray et al. [2003],

30 hPa. with westerlies related to the semi-annual oscillation extend-
Figure 3 shows time/pressure cross-sections otd@@nal  ing down to~2 hPa.

mean temperature from ECMWF and differen'ce.s between Diagnostics of wave propagation are important to many
ECMWF and the other datasets. The unrealistic ERA""OdynamicaI studies [e.g., Kiger et al., 2005; Harnik et al.,

temperature structure in August is readily apparent, anc&oo5; Newman and Nash, 2005; Scaife et al., 2005]. Fig-

higher temperatures near 50-10 hPa result from the vertiy e 5 shows the ECMWF EP flux divergence at 22 hPa (the
cal oscillations in temperature. Because of these art'fa_CtShighest level where calculations from REAN are reliable)
the ERA-40 temperatures are not recommended for detaileg,q ggs (the latitude where largest fluxes are observed)

analyses of temperature evolution in the 2002 SH wintergnq the vertical EP flux component at 100 hPa &S5(0ati-
ECMWEF, MetO, NCEP/CPC, and GEOS-4 after early Au- y,de of largest values) during August through October, along

gust show small differences, less than 3 K, below 10 hPay;ih differences between ECMWF and the other analyses.
with shghtly_lar_g_er differences in REAN-2. GEOS-4 shows The vertical component at 100 hPa, representing the up-
a band of significantly lower temperatures between 30 andyarq propagation in the lower stratosphere, is very similar
10 hPa before early August. The development of and recovi, 4 the analyses, with differences uptd5%; MetO and
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Figure 2. Minimum (left) and Maximum (right) temperatures poleward ofg@t 10, 30 and 50 hPa (top to bottom) during the

2002 Antarctic winter, from ECMWF, and (bottom panels) differences between them and those from the NCEP/CPC, REAN-
2, ERA-40 and GEOS-4 analyses. Differences are analysis - ECMWEF, so negative values indicate that the other analysis is
colder than ECMWEF. The dashed horizontal lines in the ECMWF minimum temperature panels show the approximate NAT
PSC formation threshold at each level.
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Figure 4. 10 hPa zonal mean winds (m/s) as a function of
latitude and time from ECMWF, and the differences between
ECMWEF and REAN-2 and ERA-40, for July through Octo-
ber 2002 (ERA-40 only through August). Contour interval
for ECMWEF is 10 m/s, with light shading for values less than
zero and dark shading from 70 to 90 m/s. Contour interval
for differences is 2 m/s, with values less than zero shaded.
Differences are analysis - ECMWF, so negative values indi-
cate weaker westerlies or stronger easterlies.
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Figure 3. Zonal mean temperature (K) at&as a function

of pressure and time from ECMWF (top), and differences
between ECMWF and (second to bottom panels, respec-
tively) MetO, NCEP/CPC, GEOS-4, REAN-2, and ERA-40,
for July through October 2002 (ERA-40 only through Au-
gust). Differences are analysis - ECMWF, so negative values
indicate that the other analysis is colder.
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GEOS-4 often show lower values than the other analyses,
including at the time of the large upward wave pulse that
triggered the major warming. As shown by Manney et al. 1 Aug 1 Sep 1 Oct

[2005], quite small differences in the vertical EP flux compo- 20F : : E
nent may result in large differences in propagation through s 10F 1 \ E
the stratosphere. EP flux divergences also show generally & ‘ : ]
good agreement, but at 22 hPa the magnitudes are often g
smaller in the REAN calculations by up to about 25%.

These broad comparisons show overall agreement be-
tween MetO, ECMWF and GEOS-4 temperature structure
and evolution in the lower to middle stratosphere, with large %-40 f 1 1 —
differences between all analyses in the upper stratosphere.  &.50F E
NCEP/CPC fields often underestimate temperature extrema, | T T N T e
and ERA-40 and REAN-2 temperatures should be used, at g 7 7 ]

a.-20f Meo | .
5-30 - NCEP/CPC. 1 E

best, with great caution for detailed studies of the 2002 SH = 10? E
winter. Winds and wave propagation diagnostics throughout QO 5§
the winter give a consistent picture from all the analyses, but D“_‘ Op
some caution is warranted in using REAN/REAN-2 winds or & 5F
EP fluxes for detailed studies in the top few levels (between N_lo g
about 30 and 10 hPa) for which they are available. In the _15§

following sections, we turn to more detailed comparisons of : :

fields and diagnostics used in scientific studies. X 121 ]
LL L

4. Synoptic Structure and Evolution During & or B

the Major Warming £ 6l ]
Several studies have focused on synoptic evolution dur- c>5 3l Al

ing the major warming [e.g., Kiger et al., 2005; Manney % I

et al., 2005; Simmons et al., 2005], including the day-to-day 8 Or

evolution of winds, PV and other fields. In these compar- N T T TR

isons of meteorological analyses, many aspects of the syn- r ! ! ]

optic evolution have been found to agree quite well among =

analyses, including the day-to-day evolution of temperatures QO 1 3 /\ ! B

and winds and their 3D structure. For instance, all of the g 0 A \ i '{AVA R

operational analyses (ECMWF, NCEP/CPC, MetO, GEOS- & \\/4 \' v/ f &Y W ‘2%

4) show very good quantitative agreement in the tempera- o 1 \J =

ture evolution through the middle stratosphere and qualita- = ‘

tive agreement through the upper stratosphere, especially in 2L m“m““”i‘ P T

the formation and evolution of “baroclinic zones” [regions 0 10 20 30 40 50 60 70 80

of strong meridional temperature gradients with a tilted ver- Days from 1 August 2002

tical structure along the edge of the vortices, e.g., Manney

et al., 2005] similar to those typical during NH major warm- Figure 5. (top) EP flux divergence (expressed as wave-

ings [e.g. Fairlie et al., 1990; Manney et al., 1994a]. Otherdriving, m/s/d) at 68S and 22 hPa and (bottom) vertical

aspects of the synoptic evolution may be more dependent oBP flux component (8 m/s?) at 60°S and 100 hPa, for

which analyses are examined. August through October 2002 in the SH, for ECMWF (top
Anomalous transport during stratospheric warmings ocanels, green line) and the difference between ECMWF and

curs in connection with enhanced vertical velocities alongthe other analyses (bottom panels). Differences are analysis

the baroclinic zones [e.g., Manney et al., 1994a, 2005], and ECWMF, so negative values indicate lower (more negative

often depends strongly on those velocities. Figure 6 show8' less positive) values in the other analysis.

cross-sections ofy, the vertical velocity in pressure coor-

dinates, from the MetO, ECMWF, and GEOS-4 operational
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assimilation products (NCEP/CPC objective analyses do not
provide vertical velocities). The MetO and GEOS4 are
from six-hour averages valid at 12 UT (all other MetO fields
are synoptic at 12 UT), whereas the ECMWS are snap-
shots at 12 UT (hence noisier fields); thus, meaningful com-
parisons are limited to overall, large-scale features. These
are averaged over three days, 24-26 September, during the
peak of the warming when the vortex is most strongly tilted
and vertical velocities are strongest [e.g., Manney et al.,
2005]. All of the analyses show very similar magnitudes
and patterns of strongly enhanced downward motion near
40°-140E and~260°-32C°E, along the edges of the split
vortices, with slightly stronger values near4DCE in the
GEOS-4 analyses. Regions of enhanced upward motion are
qualitatively similar (except for the suggestion of a signifi-
cant region of upward motion near I8in ECMWF anal-
yses), but with the GEOS-4 analyses showing higher values
near 220E. Thus, all the analyses capture the large scale
patterns of enhanced vertical velocities associated with the
major warming, and the magnitudes of the vertical velocities
are in reasonable agreement with each other. The good qual-
ity of the forecasts produced by ECMWF [Simmons et al.,
2005] suggests that their synoptic vertical velocities must be
realistic, and hence overall agreement with the other datasets
indicates reasonable quality in all the synoptic vertical veloc-
ities during the major warming. However, detailed transport
calculations may be influenced by some of the quantitative
differences noted above.

Although, as shown in section 3, the mean features of
the large scale stratospheric flow are similarly represented
in each of the analyses, there are often small, but poten-
tially significant, differences in the synoptic fields and evo-
lution. These can become particularly important in PV cal-

ECMWF MetO

Pressure (hPa)

GEOS-4

culations, where differences may be magnified because it is s W/ AR
a highly derived field. In the middle and lower stratosphere %00 360
(not shown), the differences are modest and largely quan- Longitude (degrees E)
titative. Figure 7 shows upper stratospheric “scaled PV”

(sPV, in “vorticity units”, e.g., Dunkerton and Delisi [1986], ~030 -022 -014  -006 0002 0010 0.018 0.026

Manney et al. [1994b]) from each of the analyses at 1450 K 60S dp/dt (Pals), 24-26 Sep

(~40-42 km) during the warming, with a few temperature ) ) o
contours overlaid. While the temperatures show close agred-igure 6. Cross-sections ofo (Pa/s, vertical velocity in
ment between all analyses (with NCEP/CPC having slightlyPressure coordinates) around 6@&veraged over 24 through

lower maxima and higher minima), much larger differences?® September 2002 from MetO, ECMWF, and GEOS-4
are seen between PV fields. analyses. Values provided by each data center represent dif-

ferent time averages, as described in the text. Positive values

On 24 September the vortex is just splitting in the up-.~ .. ) . . .
P J P 9 P gdlcate downward motions; white contour is zero line.

per stratosphere. The NCEP/CPC and GEOS-4 analys
show more completely split vortices than the MetO and
ECMWEF fields. There are also significant differences in
vortex strength (i.e., PV gradients across the vortex edge),
with strongest (weakest) vortices in ECMWF (NCEP/CPC)

analyses, and in the degree to which we can identify air be-
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ing pulled off the larger vortex near 49 across 18E. The  gradients in the upper stratospheric NCEP/CPC fields very
higher values of PV in the 80-168 region south of 60  similar to that in other analyses.

represent vortex air that has been entrained into the anticy- Differences in PV such as those shown here may be im-
clone; these values vary as well, and all except NCEP/CP@ortant in many studies, including defining the level of detail

suggest finer-scale structure within the anticyclone regionto which we can understand the 3D structure and evolution
Air being drawn up from low latitudes around the vortex of the polar vortex. Such differences in detail are also funda-
and coiling into the anticyclone is suggested in all except thenental to understanding the accuracy and reliability of prod-
NCEP/CPC analyses, but is better defined in the ECMWHRycts derived from correlations of trace gases with PV, such
and GEOS-4 fields. Examination of PV calculated inter-as the proxy ozone of Randall et al. [2005], which relies on

nally in the assimilation systems for ECMWF and GEOS-4fitting sparse solar occultation data against PV to reconstruct
reveals even better definition of smaller-scale structure sucBynoptic fields.

as the coiled tongues of vortex and low-latitude air in the an-

ticyclone, especially in ECMWF, for which the calculations 5. Mixing, Transport Barriers and Fine-scale

shown here were done using reduced resolution fields; Wh"%tructure

these internally calculated fields are preferrable for scien-

tific studies because of their internal consistency and better During the 2002 SH winter, unusually strong wave ac-

deflnltlo_n of structure in the PV fields, we show the offline tivity led to greatly enhanced quasi-isentropic transport and

calculations here to be comparable to the PV calculated foFmeg’ including small-scale mixing with extensive fila-

the other analyses. mentation of material pulled off the vortex [e.g., Allen et al.,
On 28 September, the remnants of the upper stratosphergo03, JAS] Models and observations of ozone and other

vortex comprise three widely separated fragments, the largesaice gases indicated strongly enhanced poleward transport

of them coiled around a strong, confined anticyclone atand mixing dominating the trace-gas evolution over the pe-

high latitudes. Not only do the strength and size of theriod of the major warming [e.g., Manney et al., 2005; Ran-

anticyclone vary (with a much weaker anticyclone in thedall et al., 2005; Siegmund et al., 2005]. Konopka et al.

NCEP/CPC analyses), but there are also distinct differencep005] and Marchand et al. [2005] used high-resolution cal-

in the shape, strength and position of the vortex fragmentsculations driven with ECMWF winds to quantify transport

The structure of the interwoven tongues of vortex-edge anénd mixing of vortex air into midlatitudes. In the following,

low-latitude air is best defined in GEOS-4; however, thesewe examine the representation of these processes in each of

features are also seen in ECMWF (used at reduced resolutiafe meteorological analyses.

here) and are apparentin reduced resolution GEOS-4L fields

(not shown), suggesting that we get more information from5.1. Diagnostics of Mixing and Transport Barriers

the high resolution assimilation systems, even when we are _. . e

using a reduced-resolution version of those fields. Examina]- Figure 8 shows _effectlve diffusivity (&, expresseo_l as

tion of high-resolution ECMWF PV fields indicates coher- 0g-normalized equivalent length) calculated as described by

ent small-scale structure better defined than that in GEOS-Lﬁ'_'?n_and Nakamqra [2001_' 2003]; an ideal?zed tracgr was
which in turn shows better definition of this structure in the initialized on 1 April 2002 with the tracer equivalent latitude
internally calculated PV fields from Allen and Nakamura [2003] and advected isentropi-

Compared to the analyses from assimilation systems, P ally until November using winds from each of the analy-
A ' Ses. rovides a measure of mixing and transport barriers
from the NCEP/CPC objective analyses shows weaker vor, et P g P

e.g., Haynes and Shuckburgh, 2000a, b; Allen and Naka-
tices and anticyclones, and fails to capture the filamen—[ g Y uexoury

¢ dt like struct ted in the oth (nura, 2001; Tan et al., 2004], with low values representing
ary and tongue-like structure suggested In the other ana fransport barriers and high values representing strong mix-
yses. This difference probably results largely from the.

assimilation-based wind fields used to calculate PV beindng' _
The lack of a strong transport barrier in NCEP/CPC cal-

refined by information from the underlying GCMs beyond X . . . .
what may be derived directly from the increasingly Sparseculatlons in the equatorial lower stratosphere arises primar-

data at these levels (in contrast to the NCEP/CPC, whichlY from the use of balanced winds. GEOS-4 and REAN-
uses balanced winds derived from geopotential heights); thg also show weaker subtropical barriers than MetO aqd
models’ input to defining the vertical temperature gradientsECMWF_m the lower stratosphere (650 and 520 K). Previ-
involved in the calculation may also play a role, although wefUs studies [e.g., Rogers et al,, 1999; Douglass et al., 2003;
suggest that this is less important since examination of tem_S_choeberI et al., 2003; Tan et al., 2004] have shown that as-

perature cross-sections (not shown) indicates structure an%m"ated or analyzed datasets give an excess Qf subtropi-
cal transport; thus, we expect that the analyses with stronger
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Figure 7. 1450-K sPV maps on 24 and 28 September from each of four meteorological analyses (MetO, NCEP/CPC,
ECMWEF, and GEOS-4). Temperature contours are overlaid in white; contour interval is 10 K. Domain is from equator
to pole with dashed circles at 3&nd 60S; O longitude is at the top and 9B to the right.
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Figure 8. Effective diffusivity, Keif, expressed as log-normalized equivalent length, at 1450, 850, 650 and 520 K in the SH
late winter and spring (July through November) 2002, calculated using the model of Allen and Nakamura [2001] from five

meteorological datasets.
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transport barriers (less subtropical transport) are more reahigher PV values within) vortex is seen in GEOS-4 analyses,
istic. The polar vortex transport barrier is similar in all anal- and a smaller and weaker vortex in ECMWF analyses (espe-
yses, except at 650 K, where the REAN-2 vortex is slightlycially on 25 September). Substantial differences are seen
stronger immediately before, decays less completely duringn material pulled off the vortex and entrained into the an-
and recovers more fully after, the major warming than that inticyclone: higher-valued vortex filaments in the anticyclone
the other analyses; the 650 K GEOS-4 vortex also recoverf0-120E, 50-70S on 25 September; 180-2H) 40-80S
more strongly than that in MetO, NCEP/CPC and ECMWF-. on 3 October) in the GEOS-4 calculations; and differences

The MetO and ECMWF calculations typically show most in the position and size of the 3 October filament ne&iS40
mixing during and immediate|y f0||owing the maior warm- in the 0—90E sector. Differences in material puIIed up from
ing, while REAN-2 shows much less mixing at 520 K than low latitudes include larger tongues of low values around the
the other analyses in that time period. The patterns of mixing/ortex edge and in the anticyclone in ECMWF and MetO
in November, as the final warming occurs, show large dif-0n 25 September, and less low-latitude air pulled up around
ferences in the middle to lower stratosphere: Much strongethe vortex regions in all NCEP/CPC calculations compared
mixing is seen in NCEP/CPC at 520 K, in MetO and REAN- to those driven with the other analyses (resulting from the
2 at 650 K, and in MetO and NCEP/CPC at 850 K: thus,use of balanced winds). Differences in local vortex strength

quite different vertical structures of mixing during the fi- (€.9., variations in vortex edge gradients near 3302360
nal warming among the analyses are indicated. oVera”'and between the two vortices on 25 September) could result

maximum midlatitude Kx values at 1450 K are compa- In different conclusions about the amount of entrainment of

rable in MetO, ECMWF and GEOS-4, but 15-20% lower material into the vortex. Differences are of similar character
in NCEP/CPC; at 850 K, all maximum mixing values are at lower levels. REAN-2 calculations in the lower strato-
within 10% of each other, with highest values in GEOS-4.sphere (not shown) give a weaker and shallower vortex, and
In the lower stratosphere there is more scatter in maximunghow less filamentary structure outside the vortex.
values, but REAN-2 has lowest values (by 10-20%) at both The GEOS-4 calculations show more complex fine-scale
650 and 520 K. Although most of these differences in mag-structures outside the vortex than the calculations with the
nitude are modest, they are accompanied by differences inther analyses (especially at lower levels). Comparison
timing, location and duration of maximum mixing. The time with calculations using GEOS-4L data, which were interpo-
of maximum mixing at 1450 K is similar in each analysis, lated from 1x1.25 to 2x2.5” (not shown; and of 2.52.5
but magnitudes and spatial extent vary considerably; at eacBCMWF with 1.25<1.25 ECMWF-R results), indicates
of the other levels, there is not even agreement on the timinghat only a small part of this arises from using the analysis at
of strongest mixing. Thus, there is little consensus on thehigher resolution.
amount, patterns or timing of mixing in midlatitudes, nor on
the extent of mixing into the polar regions during the ma-5.3. Lamination in Trace Gas Profiles
jor warming. - Such var_|at|9ns_ N Mixing betwee_n analyses Grool3 et al. [2005] and Konopka et al. [2005] show ex-
are expected to result in significant differences in transport ) .
calculations driven with different analyses. a”."p'es v_vhere chemical transport mOd‘?' (CTM) c_alculatlons
driven with ECMWF data reproduced filaments in HALOE
(the Halogen Occultation Experiment on UARS) data. We
examine filamentation quantitatively here using reverse tra-
To examine how differences in mixing are manifested injectory (RT) calculations to model small vertical scale lam-
synoptic fields, we show maps of a high-resolution “PV-inae in ozone [e.g., Manney et al., 1998, 2000, and refer-
tracer” at 850 K (Figure 9) during the major warming. Isen-ences therein]. Figure 10 shows two Stratospheric Aerosol
tropic reverse trajectory (RT) calculations [e.g., Manneyand Gas Experiment (SAGE) Il ozone profiles with lami-
et al., 1998, 2000, and references therein] were initializedhar structure in the lower stratosphere observed at different
with sPV. The differences in the magnitude of PV-tracer val-times and longitudes on 23 September — the first with a local
ues between analyses result primarily from differences in thenaximum (minimum) near 480 (540) K, and the second with
sPV fields used for initialization, but examination of fields a local maximum (minimum) near 490 (525) K. Ten-day
initialized with ECMWF data for each analysis (not shown) reverse trajectory calculations for these profile locations us-
indicates that all the other differences discussed below arissng ECMWF, MetO, NCEP/CPC, and GEOS-4 winds were
primarily from differences in transport using winds from the initialized with “proxy” ozone based on reconstructing 3D
various analyses. Quite significant differences are seen ifields using ozone/PV correlations for SAGE Ill, HALOE
the size and strength of the vortex. For instance, a strongeand Polar Ozone and Aerosol Measurement (POAM) Il
(i.e., larger PV gradients along the edge) and deeper (i.edata [Randall et al., 2005]. The dashed black lines show

5.2. Filamentation
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NCEP/CPC

25 Sep 2002

03 Oct 2002

0.2 1.0 1.8 2.6 3.4
850 K sPV at —16 days (10"-4 1/s)

Figure 9. 850-K “PV-tracer” maps on 25 September and 3 October 2002 from high-resolution isentropic trajectory calcu-
lations using each of four meteorological analyses. Back trajectories are initialized with sPV 16 days before date shown.
Layoutis as in Figure 7.



Manney et al.: SH 2002 Meteorological Data Intercomparisons 16

the proxy ozone used for initialization at the SAGE 11l ob-
servation locations. For the first profile, there is a greatly
smoothed echo of the lamina pair in the initialization field
(suggesting that there is some indication of this feature in
the PV field), while for the second profile, the proxy field
shows no evidence of the lamina pair (suggesting that this
feature in ozone does not arise from something that is repre-
sented in the PV fields used for proxy reconstruction).

Calculations from all analyses show a similar maximum/-
minimum pair for the first profile. There are noticeable dif-  7ooprrrrrrr i - .
ferences in the calculations of very small scale structure for 1
this profile, but since these very small scale structures are
not represented in the SAGE Il profile, we have no way to
judge whether one might be more realistic than another. Ex-
amination of RT ozone maps (not shown) indicates that this g
laminae pair arises from the observations crossing the edges
of the tilted vortex those levels; RT calculations have previ- :
ously been found to be most successful at refinement of theg
representation of gradients along the vortex edge [e.g., Fair-
lie etal., 1997; Manney et al., 1998], so it is not too surpris-
ing that the analyses do well in this case. However, the as-
similated fields do better than NCEP/CPC (Where balanced 16.8UT, 23 Se3p 2002 Ozone?ppmv, success7ive profiles offsget by 2), 49.281,115.7E
winds are used) at capturing the shape of the minimum near
430 K, and ECMWF does better than the other analyses at
capturing the shape of the minimum near 525 K. In contrast,
the lamina pair in the second profile arises from sampling
a very narrow filament of lower-ozone (lower-latitude) air
drawn into the collar region of high ozone along the vortex
edge, a situation where detailed simulation is much more dif-
ficult[e.g., Manney et al., 1998]. None of the calculationsre- :
produce this feature, but there is large variation in the degreeg
to which the calculations capture any indication of the ob-
served profile. The MetO calculations show little suggestion
of a minimum corresponding to that in the SAGE profile,
and the NCEP/CPC calculations show only a hint of a min-  “*/ "3 5 7 9 11
imUm near 560 K. The ECMWF analyses and GEOS_4 Cal' 1.0UT, 23 Sep 2002 Ozone (ppmv, successive profiles offset by 2), 49.2S, 252.4E

lation h show a maximum/minimum pair I
;ubithc;gﬁeia;ﬁar?ir?SEG Ea(neaur 4g0/540uK fngb?\h’lsng:;%dFigure 10. Two SAGE Il ozone profiles (thick black curves,

510/550 K for GEOS-4). The MetO analyses, which do veryWith estimated random error as dotted lines), and profiles

poorly, had at this time the poorest vertical resolution in thefrom high-resolution RT calculations using each of four dif-

. O ferent meteorological analyses (colors). Dashed black line
lower stratosphere; the better (though still imperfect) perfor- ", . )
b ( g b )P ith SAGE profiles shows the profiles at the SAGE Il loca-

mance of GEOS-4 and ECMWF may be related to the bettel” ¢ the initialization field
vertical resolution of these assimilation systems in the IowetIlons rom he inftialization Nelds.
stratosphere (see Table 1 and references therein).

The above diagnostics reveal considerable discrepancies
between the analyses in timing, location, and magnitude of
enhanced transport and mixing, though representation of the
polar vortex transport barrier is reasonably consistent. Our
calculations of the development of fine-scale structure show
that some of these inter-analysis variations are related to dif-
ferences in the development and evolution of filaments and
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the interweaving of narrow tongues of low latitude and vor-
tex air. Development of more filamentary structure and bet- RPN, | ""!||"||||||||||||||||||||
ter simulations of laminae in ECMWF and GEOS-4 analyses A '!‘||||I||||||||
suggest (as was the case for the PV fields shown in section ‘ ﬁiﬁﬂ I“Hm“m
4(b)) a benefit from higher-resolution assimilation systems, T R AT
even when their results are used at reduced resolution. The v VANRS

A
relatively large differences in small-scale structure and mix- 1May 1Jun 1Jul 1Aug 1Sep 1Oct
ing imply t.hat significant differences would pe expected in 00 o 0 e0 a0 =0
more detailed transport calculations. Such differences could Area T < Ty, (percent of hemisphere)

be important to studies like those of Grool3 et al. [2005],
Konopka et al. [2005], and Marchand et al. [2005] that rely
on quantitative modeling of filaments and vortex fragments.

6. Polar Processing Diagnostics

MetO - ECMWF

Model studies of polar chemical processing and ozone
loss in the lower stratosphere, including several of the 2002
SH winter [e.g., Sinnhuber et al., 2003; Feng et al., 2005;
GrooR et al., 2005; Marchand et al., 2005], depend strongly
on temperatures and temperature histories. Figure 11 shows
the area in which temperatures are low enough for nitric acid
trihydrate (NAT) PSC formation as a function of time and
pressure for ECMWF and the differences between ECMWF
and each of the other analyses. (The criterion of Hanson and
Mauersberger [1988] is used, with H§@nd HO values
from UARS profiles as described by Manney et al. [2003].)
Differences between ECMWF, MetO, and NCEP/CPC are
small (usually less than 1% of a hemisphere, or up to a 10%
variation among analyses), as are GEOS-4 differences be-
low about 20 hPa; above 20 hPa, GEOS-4 shows a sub-
stantial cold bias compared to ECMWF (up 466% of a
hemisphere). The radiosonde comparisons discussed in sec-
tion 3(@@) show closer agreement with MetO, ECMWF and
NCEP/CPC at these levels.

The REAN-2 and ERA-40 reanalyses are included to
highlight the problems in their lower stratospheric temper-
ature fields. REAN-2 temperatures are biased high with re-
spect to the other analyses by as much-&%6 of a hemi-
sphere (over a 50% bias) betweef0 and 10 hPa; this bias
is large enough to have a substantial effect on polar pro-
cessing studies. The oscillatory vertical structure in ERA-40

NCEP/CPC - ECMWF

Pressure (hPa)

GEOS-4 - ECMWF

REAN-2 - ECMWF

ERA-40 - ECMWF

AT

1May 1Jdun  1Jul 1Au 1Sep 1O0ct

temperatures results in a much smaller cold region between _Zm_z | Om OL- | T2 18

about 50 and 20 hPa than the other analyses, and the unreal- Difference (percent of hemisphere)

istic temperature structure in August is obvious in the large _ _ _
cold area near 10 hPa. Figure 11. Pressure/time cross-sections of the area with

Because the SH winter is so cold, with a large fraction! = NaT (fraction of a hemisphere) for May through Oc-

of the vortex having temperatures well below both NAT andtOber 2002 in the SH from (top) ECMWF, and the dif-
ice PSC formation thresholds for several months, even the 3f_erences between ECMWF and (top to bottom) MetO,
6 K biases seen above between analyses might be expect@cﬁ: EP/CPC, GEOS-4, REAN-ZJ and ERA-40 (throug.h Au-
to result in only small percentage changes in calculations onUSt)' Red/oranges/browns indicate a larger cold region (as-

e.g., denitrification or 0zone loss. As noted by Pawson et aiSciated with lower temperatures) in the analysis being com-
pared to ECMWF.
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[1999] for the NH, temperature differences are most likely
to have a significant effect on polar processing studies when
conditions are marginal for PSC existence, namely in fall or
spring in the SH, when the timing of the onset or disappear-
ance of PSCs may vary and may affect such studies.

To examine the likelihood and timing of PSC formation
in spring and fall, we performed temperature history calcula-
tions like those of Manney et al. [2003], with starting dates 465 K, 26 May 2002 465 K. 18 Sep 2002
a few days after the onset oITnar in fall (May) and a 0-30F yeto, N=14575 Avg=8.86 ] [ MetO, N=18585 AVg=7.00
few days before the disappearance efTiyar in spring (in i 1f i
this case, earlier than usual, in September during the major 3
warming). Tnar values at 465 and 585 K are taken to be oAlo]_LIﬂJLL‘m el E
195 and 193 K, respectively [approximate values from Han- 3 ] ]
son and Mauersberger, 1988]. Parcels were initialized ona ) 5oooAlbs B - -

. . . . . NCEP/CPC, N=9597 Avg=4.72 NCEP/CPC, N=16987 Avg=5.25
dense equal area grid within the region witkTyar, and 3 ] ]
run twenty days back and twenty days forward using winds 0.20
from each of the analyses. As in Manney et al. [2003] we
calculate the total number of days that each parcel was at or -
below Tyar (Figure 12), and the continuous time before and 000t il
after the initialization date that each of the parcels remained 0-30F EcMWF, N=10604  Avg=3.86
below Tyar (Figure 13). The latter diagnostic is related to i f
PSC duration and denitrification, and can be viewed as an
idealized or potential PSC lifetime. The former, giving an
indication of the total time when PSCs are present, is related

0.20F 1H E

oA D e I

CMWF, N=16576 Avg=5.48

Fraction of Parcels

I e

to chlorine activation. At 465 K, there is fair agreement in PO —— memm— —————

L. . . -9Yt GEOS4, N=10827 Avg=7.57 | | GEOS4, N=15919 Avg=4.56
overall distributions between the analyses in total PSC days F 1k ]
(Figure 12), but MetO, and to a lesser degree GEOS-4, anal- 0.20¢ 1k ]
yses for 26 May show stronger peaks at a larger number of ] El ]
days (around 25 and 21 days for MetO and GEOS-4, re- O'mﬂ 1E f
spectively), and REAN-2 analyses show a strong peak near 000l ade e b alemr it

13-14 days that is absent in the other analyses. At 585 K, 0-30reanz, N=o156 Avg=5.22 | [ REANZ, N=14164 Avg=5.44
the REAN-2 analysis stands out as an outlier, with strong
peaks near 11 and 20 days for 26 May, as opposed®
days for NCEP/CPC, and26-31 days for the other analy-
ses. For 13 September, REAN-2 shows a compact distribu- |'L| ] ‘ | ]
tion contained from 1-7 days, as opposed to broad distribu- S T
tions extending to 22—27 days for the other analyses. Despite Continuous PSC Days
the broad qualitative resemblance between MetO, ECMWEF _ )
and GEOS-4 distributions at both levels, even among thesE!9Ure 13. Histograms of the number of days surround-
there are significant differences in detail that might be ex-Ng the initialization time continuously atJTnar for tra-
pected to affect quantitative polar processing studies. ThiECtory runs initialized in the cold region at 465 K on (left)
PSC lifetime distributions (Figure 13) also show significant26 May 2002 and (right) 18 September 2002. Arrows indi-
variations among all analyses, especially in the existence dfal€ average number of days; number of parcels used and
peaks at longer lifetimes (e.g., over 20 days in MetO, GEOS&verage number of days are given in the labels.
4 and REAN-2 in May, and in MetO and (weakly) ECMWF
in September). The existence or lack thereof of PSCs with
such long lifetimes could have important implications for
denitrification.

Overall, PSC formation potential and temperature histo-

ries in the SH 2002 winter exhibit much better agreement
than is typical during the NH winter [Manney et al., 2003];
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Figure 12. Histograms of the total number of days spent gflTkar for trajectory runs initialized in the cold region at (left

two columns) 585 K and (right two columns) 465 K on 26 May 2002 (left) and 13 (18) September 2002. Arrows indicate
average number of days; number of parcels used and average number of days are given in the labels. Note x-axis for 26 May,
585 K extends to 40 days, whereas others extend to 30 days.
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however, there are still differences among all analyses signif- e ECMWF and GEOS-4 analyses (the higher resolution
icant enough to affect the results of polar processing studies. assimilation systems considered here) represent fila-
The REAN/REAN-2 results again argue against using these mentation and lamination in high-resolution transport

analyses for detailed polar processing studies in the SH. calculations better than the other analyses.

e Temperature history calculations relevantto polar pro-
cess modeling show the REAN/REAN-2 analyses to

Most studies of the unique SH 2002 winter rely on grid- be an outlier, predicting significantly shorter PSC life-
ded meteorological data from one of several commonly used times and less potential for chlorine activation than the
analysis systems, and the dataset used can influence the re-  Other analyses.

sults. We have compared diagnostics related to temper- Th . ted here hiahliaht limitati that
ature evolution and lower stratospheric chemistry, quasi- € comparisons presented here hightight imitations tha

isentropic transport and mixing, and large-scale dynamica]na_ke some of the datasets mappropnatg for.certam stud-
evolution for four operational products (MetO, ECMWF les: The REAN/REAN-2 analyses were primarily designed

NCEP/CPC and GEOS-4) as well as the ERA-40 and REANJQ" Studying the troposphere [Kalnay et al., 1996]; they

REAN-2 reanalyses to assess to what degree the conclusiongve badly biased temperatures in the I(_)wer stratosphere
and do not adequately represent dynamical events above

of scientific studies may be affected by the choice of meteo- 50 hPa. The ERA-40 reanalyses also have unrealistic tem
rological analysis. ~ : " .
° oghc.la ah aysis , I i i . perature structure in the polar lower stratosphere, and thus

W f'eht Ie compar;sc:jns overa p;r(;]wde a con3|st_ent pk')C'are inappropriate for detailed polar processing studies. The
ture of the large-scale dynamics of the SH 2002 winter beycep/cpc objective analyses have been very valuable in
tween the analyses, indicating high confidence in many ob

. . ) the past, facilitating groundbreaking studies of middle at-
servational studies based on them, we have noted d'ﬁerenc?ﬁosphere dynamics. However, compared to the assimilated

in several diagnostics that have the potential to significantlydatasets now available, they suffer from the assumptions that
affect the outcome of studies using some of the analyses: must be made in deriving dynamical fields

7. Summary and Conclusions

 REAN/REAN-2 lower stratospheric temperatures are  1h€ studies in which the effects of choosing one of
biased high, and frequently indicate less pronouncedn€se analyses are most critical, and most likely to influence
extrema. The latter shortcoming is also seen in thehe outcome, are detailed chemistry and transport modeling
NCEP/CPC data. ERA-40 Antarctic temperaturesStudies (including polar processing), as well as more detailed
show persistent, unrealistic vertically oscillatory struc- Studies of synoptic evolution and fine-scale structure in dy-

ture in the SH 2002 winter [Simmons et al., 2005] and namical fields (especially in the upper stratosphere). Some
additional degradation in August 2002. research efforts are already assessing these effects for the

2002 SH winter by driving models with more than one of
e REAN/REAN-2 show weaker winds and EP flux di- these analyses [e.g., Feng et al., 2005; Manney et al., 2005].
vergence magnitudes in the top few levels at whichin the areas where there is least consensus among the anal-
they are available (between about 30 and 10 hPa). yses — detailed 3D synoptic evolution, transport, mixing,
) _ _ and development of fine-scale structure — we currently have
e Substantial differences are seen in vortex strengthge, qata available to help to determine which results are
structure and evolution in the upper stratosphere, Withy, o+ accurate. However, we are now seeing a dramatic in-
the NCEP/CPC objective analyses giving a cruder rép o aqe in global, relatively high-resolution, long-lived trace

resentation of these features, and the _hlgher rESOIlJt'OBas observations and temperature data extending through the
ECMWF and GEQS-4 analyses showing better repre'mesosphere from instruments on ENVISAT (Environmental
sentation of small structure, even when these analyseéatellite) and EOS (Earth Observing System) Aura. These
are used at reduced resolution. new observations will enhance our ability to quantitatively
The polar vortex transport barrier is similar in all @SSesS the accuracy of global meteorolo_gical datasets and
of the analyses, but there is little consensus on thdhat of the transport and model calculations that rely on

amount, patterns and timing of mixing in midlatitudes, them-
or on the extent of mixing into the polar regions dur-
ing the major warming. REAN-2 in particular shows  Acknowledgments. Thanks to the British Atmospheric Data
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